The basic theory of protein precipitation by addition of ammonium sulfate is presented and the most common applications are listed, Tables are provided for calculating the appropriate amount of ammonium sulfate to add to a particular protein solution.
The mechanism of salting-out is based on preferential solvation due to exclusion of the cosolvent (salt) from the layer of water closely associated with the surface of the protein (hydration layer). The hydration layer, typically 0.3 to 0.4 g water per gram protein (Rupley et al., 1983) , plays a critical role in maintaining solubility and the correctly folded native conformation. There are three main protein-water interactions: ion hydration between charged side chains (e.g., Asp, Glu, Lys), hydrogen bonding between polar groups and water (e.g., Ser, Thr, Tyr, and the main chain of all residues), and hydrophobic hydration (Val, Ile, Leu, Phe) . In hydrophobic hydration, the configurational freedom of water molecules is reduced in the proximity of apolar residues. This ordering of water molecules results in a loss of entropy and is thus energetically unfavorable. When salt is added to the solution, the surface tension of the water increases, resulting in increased hydrophobic interaction between protein and water. The protein responds to this situation by decreasing its surface area in an attempt to minimize contact with the solvent-as manifested by folding (the folded conformation is more compact than the unfolded one) and then self-association leading to precipitation. Both folding and precipitation free up bound water, increasing the entropy of the system and making these processes energetically favorable. Timasheff and his colleagues provide a detailed discussion of these complex effects (e.g., Kita et al., 1994; Timasheff and Arakawa, 1997) .
It should be mentioned that the increase in surface tension of water by salt follows the wellknown Hofmeister series, shown below (see Parsegian, 1995, and references therein) . Hence, as an approximation, those salts that favor salting-out raise the surface tension of water the highest. As (NH 4 ) 2 SO 4 has much a higher solubility than any of the phosphate salts, it is the reagent of choice for salting-out.
TIPS AND GUIDELINES
• With solid ammonium sulfate, a mortar and pestle can be used to break up any lumps.
• Use analytical grade as lower grade material is often contaminated with heavy metals.
• Addition of ammonium sulfate acidifies the solution so use at least a 50 mM HEPES or Tris buffer etc., 5mM EDTA can also be included.
• Add solid ammonium sulfate slowly with gentle stirring; allow to dissolve before adding more solid, try to prevent foaming.
• On-line calculators can be accessed to conveniently determine the amounts of solid ammonium sulfate required to reach a given saturation. For example, EnCor Biotechnology Inc., has an on-line calculator based on the equations given in this appendix: http://www.encorbio.com/protocols/AM-SO4.htm.
• Ammonium sulfate solution, 4.1M saturated at 25 °C can be purchased from Sigma-Aldrich and other suppliers.
• Note: In the literature sulfate is often referred to by UK spelling: sulphate.
COMMON APPLICATION

Concentration of Proteins
Because precipitation is due to reduced solubility and not denaturation, pelleted protein can be readily resolubilized using standard buffers. After concentration, the protein is well suited for gel filtration (UNIT 8.3) whereby the buffer can be exchanged and the remaining ammonium sulfate removed. Alternately, the protein can be dissolved in a nonprecipitating concentration of (NH 4 ) 2 SO 4 (e.g., 1 M) and then applied to a hydrophobic interaction matrix (UNIT 8.4).
Protein Purification
Practical details of selective precipitation are presented in UNIT 4.5, and an example in the purification of interleukin 1β is given in UNIT 6.2 where the protein is fractionated between ~50 -77% saturation. Low molecular weight proteins, like interleukin-1β, as a rule require higher salt concentration for precipitation than larger molecular proteins, for example, large multiprotein complexes can often be salted out with < 20% saturation. Another example (classic) is the precipitation of IgG from blood sera. The addition of 40 -45% ammounium sulfate precipitates IgG which can be further purified by anion exchange chromatography. Salt precipitation has been widely used to fractionate membrane proteins (Schagger, 1994) . Due to bound lipid and/or detergents, ammonium sulfate precipitates have lower density than protein-only precipitates. During centrifugation, these precipitates will often float to the top of tube rather than pelleting; the use of swing-out rotors is recommended. Crystallization is a traditional method of protein purification. Jakoby (1971) describes a general method that involves extracting (NH 4 ) 2 SO 4 -precipitated protein with successively dilute (NH 4 ) 2 SO 4 solutions at low temperature. Although there are several methods for removing contaminating nucleic acids from protein solutions including, for example, addition of 0.1% (w.v) polyethyleneimine, a simple and effective approach is to apply the protein to a small anion exchange column equilibriated with 0.4M ammonium sulfate, where the nucleic acids binds to the column and the protein is collected in the flow-through.
Folding and Stabilization of Protein Structure
As mentioned above, (NH 4 ) 2 SO 4 and other neutral salts stabilize proteins by preferential solvation (Timasheff and Arakawa, 1997). Proteins are often stored in (NH 4 ) 2 SO 4 , which inhibits bacterial growth and contaminating protease activities. Protein unfolded by denaturants such as urea can be pushed into native conformations by the addition of (NH 4 ) 2 SO 4 (Mitchinson and Pain, 1986) . A practical application is the folding of recombinant proteins. For example, HIV-1 Rev expressed in E. coli was solubilized using urea, purified by ion-exchange chromatography in the presence of urea, then folded by the addition of 0.5 to 1.0 M (NH 4 ) 2 SO 4 (Wingfield et al., 1991) .
Basic Calculations
Basic definitions-Percentage (%) saturation concentration of (NH 4 ) 2 SO 4 in solution as % of maximum solubility at the given temperature. For example, at 0°C, a 100% saturated solution is 3.9 M.
Specific volume (sp. vol.) volume occupied by 1 g of (NH 4 ) 2 SO 4 (ml/g) = inverse of density. At 0°C, if 706.8 g of (NH 4 ) 2 SO 4 is added to 1 L of water the volume = 1000 ml + volume occupied by the salt (706.8 × 0.5281 ml) = total volume of 1373.26 ml. The molarity = 3.9 M.
Calculating quantities of (NH 4 ) 2 SO 4 to be added-By weight. For example, to raise 100 ml of 0.2 saturated solution to 0.70 saturation:
Hence, 166.66 ml of saturated solution is added to 100 ml of 20% saturated solution to give 266.66 ml of 70% saturated solution.
AMMONIUM SULFATE TABLES
The tables shown are taken from Wood (1976). Grams of Ammonium Sulfate to Add to 1 Liter of Solution at 0°C 
